Expression of adhesins, toxins, and other virulence factors of Bordetella pertussis is under control of the BvgA and BvgS proteins, members of a bacterial twocomponent signal transduction family. BvgA bears sequence simlarity to regulator components, whereas BvgS shows similarity to both sensor and regulator components. BvgA and the cytoplasmic portion of BvgS ('BvgS) were overexpressed and purified. 'BvgS autophosphorylated with the vphosphate from
[r32P]ATP and phosphorylated BvgA. Kinetic analysis indicated that BvgA receives its phosphate from 'BvgS. Mutations in the transmitter, receiver, and C-terminal domains of BvgS were tested for activation of a BvgAS-dependent JhaB::lacZ reporter fusion in vivo and for autophosphorylation and phosphotransfer to BvgA in vitro. Ail mutations abolished activation of the JhaB::lacZ fusion. A point mutation in the transmitter (H729Q) prevented autophosphorylation of 'BvgS. In contrast to other characterized sensor proteins, autophosphorylation also required sequences in the 'BvgS receiver and C-terminal domains. A 'BvgS receiver point mutation (D1023N) had the novel phenotype of being able to autophosphorylate but unable to transfer the phosphate to BvgA. Autophosphorylation activity of the D1023N mutant protein was kinetically and chemically indistinguishable from wild-type 'BvgS despite an uncoupling of phosphotransfer from autophosphorylation. ' BvgS was shown to contain primarily amidyl phosphate and BvgA an acyl phosphate linkage. We present a model for a phosphorelay controlling virulence gene expression in B. pertussis.
Phosphorylation cascades mediated by bacterial twocomponent systems provide a conserved mechanism for coordinate regulation in response to signal inputs. In bacteria, diverse processes such as chemotaxis, cell division, metabolic pathways, nitrogen fixation, stress responses, and virulence are regulated by two-component systems. Two distinct modules are typically involved; a sensor recognizes environmental cues and transmits a signal to a response regulator. Signal transduction between the sensor and response regulator is a phosphorelay (1, 2) , with the sensor protein autophosphorylating at a conserved histidine residue in the transmitter domain (=220 aa) and transferring the phosphate group to a conserved aspartic acid in the receiver domain (-130 aa) of the response regulator.
In Bordetella pertussis, the etiologic agent of whooping cough, the BvgAS proteins control a variety of virulence determinants (3) (4) (5) . In addition to positively regulating adhesins and toxins, BvgAS negatively regulates motility in Bordetella bronchiseptica and a collection of genes in B. pertussis (6) (7) (8) . Sequence analysis predicts that BvgA is a 23-kDa protein with an N-terminal receiver domain and a C-terminal helix-turn-helix motif (5) . BvgA is cytoplasmically located and binds to specific regions in the fhaB and bvgAS promoters (9) (10) (11) . BvgS is a 134-kDa protein localized to the cytoplasmic membrane by means of two transmembrane domains (12) . Transcriptional activation mediated by BvgS is decreased by temperature, sulfate anion, and nicotinic acid, a phenomenon termed modulation (13, 14) . Both the periplasmic region and the linker, which lies adjacent to the second transmembrane sequence, are involved in sensing and transmitting environmental signals (14) . BvgS contains a transmitter domain found in sensor proteins but is distinguished from the majority of sensors by containing a receiver domain typically found in response regulators and a C-terminal region with no significant sequence similarity to other known proteins (5) . BvgS therefore belongs to a group of unorthodox sensor proteins with linked transmitters and receivers. The transmitter, receiver, and C-terminal domains are separated by alanine/proline-rich sequences of -15 aa (5). In other proteins, similar sequences form flexible hinges to allow interactions between distinct domains (15, 16) .
The relationship between the complex structure of BvgS and its function in controlling Bordetella virulence in response to environmental signals is unknown. Although the biochemical activities of transmitter and receiver domains have been characterized, the effects of multiple domains present in the same sensor protein have yet to be determined. To address the individual and combinatorial roles of the transmitter, receiver, and C terminus in signal transduction, we examined BvgS in vitro and in vivo. BvgS domains were altered by site-directed mutagenesis of conserved amino acids and by introducing small in-frame insertions and deletions. The mutated proteins were analyzed for their ability to activate anjhiaB: :lacZ fusion in Escherichia coli. For in vitro studies, BvgA, BvgS, and mutant derivatives were purified and studied in phosphorylation reactions. Roles for BvgS domains in signal transduction are proposed based on in vitro and in vivo observations.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. For BvgS overexpression, a 2.5-kb EcoRP-Pst I fragment from pDM20 (17) encoding the linker, transmitter, receiver, and C terminus (aa 532-1238, designated 'BvgS) was cloned into the EcoRI/Pst I site of pTrc99A (Pharmacia). For BvgA overexpression, we introduced an Afl III site after the initial methionine codon in bvgA. The Afl III-cut fragment was cloned into Nco I-digested pTrc99A. The resulting plasmid was then digested with BstBI and Sma I, and a BstBI-Sph I fragment from pDM20 comprising the rest of BvgA was inserted.
The oligonucleotide-directed mutagenesis method (Amersham) was used for site-directed mutagenesis. Oligonucleotides were hybridized to single-stranded DNA created from portions of pDM20 cloned into M13mpl9 (18) . The mutations were introduced into pDM20 and sequenced.
Plasmid pMU304, which contains bp 3431-5210 of pDM20 in pBR322 (18) , was used to construct BvgS receiver mutations. pMU304 was digested either with Bsm I or with Bsm I tTo whom reprint requests should be sent at the * address.
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and PflMI. After treatment of the ends with T4 DNA polymerase, a BamHI octamer (Promega) was inserted. The portion containing the mutation was cloned back into pDM20. The BvgS C-terminal A15C mutation was created by digesting pDM20 with Mun I and ligating the two large fragments. ifhis deleted bp 4233-4278 of pDM20. The BvgS C-terminal linker insertion, pSJ60, has been described (14) .
Purification In Vivo Analysis. All in vivo assays were performed in the E. coli strain JFMC3, which contains an JhaB::lacZ fusion carried by a A prophage present in the chromosome (17) . BvgS mutations were introduced into pDM20 (14). 3-Galactosidase levels were assayed in triplicate according to Miller (20 of unlabeled ATP (6 mM) and BvgA were sin added. Labeling of BvgA coincided with depho of 'BvgS (Fig. 2) . Incorporation of 32p into BN initially inhibited by the addition of excess unl When 'BvgS was incubated for 5 min with [y-32P]ATP and 6 mM ATP, followed by additio a mock chase reaction, efficient labeling of 'Bvi was not detected (Fig. 2, mock) . This demoi BvgA phosphorylation is not due to stimulation tion by high concentrations of ATP and that inc( label can be inhibited by an excess of unlabeled at the beginning of the reaction. If BvgA is ph( from the free nucleotide pool, then an excess ATP should compete effectively with labeled A phosphorylation in a pulse-chase reaction. C( BvgA is phosphorylated by 'BvgS, then the lab chased from 'BvgS to BvgA. BvgA phosphors tially resistant to competition from excess X therefore appears that BvgA phosphate is direc from 'BvgS in a phosphotransfer reaction. 'Bvj phorylation ability and phospho group transf parallel observations made with canonical sen containing transmitter but not receiver domain! In Vivo Characteristics of BvgS Mutants. The has previously been shown to function in E.
activating the promoter for the ffaB adhesin sponding to the same modulation signals as in (17) . Mutations were introduced into the BvgS receiver, and C-terminal regions, and activity C proteins was measured in vivo by assessing ac chromosomalfhaB: :lacZfusion in the presence c bvgA allele (Fig. 3) . His729 of BvgS corresp conserved histidine found in all transmitters and to His48 of CheA, which has been demonstrated of autophosphorylation (21 Although autophosphorylation of the wild-type and D1023N 'BvgS proteins occurred at similar levels, their phosphotransfer capabilities were quite different. In contrast to wild-type 'BvgS, phosphorylation of BvgA by the D1023N 'BvgS protein was not detected even after extended periods of autoradiography. This demonstrates that Asp1023 in the BvgS receiver is specifically required for phosphotransfer to BvgA but is not necessary for autophosphorylation. The BvgS D1023N mutation genetically separates autophosphorylation from phosphotransfer in the signal transduction cascade.
Chemical Stability of Phosphorylated Proteins. Amidyl phosphates, such as histidine or lysine phosphate, are stable to base but labile to acid. Acyl phosphates (aspartate and glutamate) are acid labile and base labile (1) . To compare wild-type 'BvgS, 'BvgS D1023N, and BvgA chemical stability, phosphorylation reactions were performed for each, and the products were subjected to SDS/PAGE and transferred to Immobilon. Immobilon strips were either untreated or treated with acid, base, or a neutral buffer. BvgA was labile to both acid and base (Fig. 5, lanes 5 and 8) , characteristic of an acyl phosphate. 'BvgS and 'BvgS D1023N were stable to base and labile to acid (lanes 4-6 and 7-9), indicating that these two proteins are primarily amidyl phosphates. This is consistent with BvgA being phosphorylated at an aspartic residue and 'BvgS wild-type and D1023N at a histidine residue.
Despite the lack of apparent qualitative difference between the wild-type and D1023N 'BvgS proteins in Fig. 5 , we reasoned that at least a small portion of the wild-type protein may be phosphorylated at the receiver, since the receiver was genetically indispensable. The two proteins should be chemically distinct upon treatment with base if the 'BvgS D1023N receiver mutation is phosphorylated at only His729 and the wild-type 'BvgS is phosphorylated to significant levels at both His7" and Asp1m. We therefore repeated the chemical stability test with base treatment for quantitative analysis. Compared with the untreated control, the wild-type 'BvgS retained 81 ± 6% ofits label after base treatment, whereas the D1023N 'BvgS mutant retained 91 ± 5% of its label. Baselability results therefore suggest that the majority of phosphate present in both 'BvgS and 'BvgS D1023N is in the form of amidyl phosphate.
Compri of the Rates of Decay of Wild-Type 'BvgS and 'BvgS D1023N. Once autophosphorylation has occurred in the 'BvgS transmitter domain a variety of subsequent events are conceivable. The phosphate group could be transferred to water (hydrolysis) or to the 'BvgS receiver. The phosphorylated receiver could in turn be stable or subject to further hydrolysis. Since Asp1I23 is the most likely site for intramolecular phosphotransfer within BvgS, we compared the kinetics ofdecay ofthe phosphorylated forms of 'BvgS and the 'BvgS D1023N protein.
A pulse-chase experiment comparing 'BvgS and 'BvgS D1023N is shown in Fig. 6 . The wild-type and D1023N proteins were labeled for 5 min before the addition of a 200-fold excess of unlabeled ATP. Aliquots were removed both before and after the chase, and incorporation was measured as a function of time. Label from the wild-type and D1023N 'BvgS proteins was chased rapidly and with similar kinetics in both cases, with a t1l2 of =2 min. This contrasts to the til2 of -30 sec for BvgS in the presence of BvgA (Fig. 2 Proc. Natl. Acad. Sci. USA 91 (1994) in the absence of BvgA is not by intramolecular transfer to Asp1023 of the receiver but rather by hydrolysis. The effects of mutations on BvgS function are summarized in Fig. 3 . The mutations can be grouped into two broad categories. The first class comprises alterations that markedly decrease or eliminate both autophosphorylation and phosphotransfer. The H729Q mutation has the most pronounced effect. Introduction of a glutamine at the putative primary site of autophosphorylation completely eliminates autophosphorylation and consequently prevents phosphotransfer to BvgA. The BvgS A59R, A15C, and 11211 mutations decrease autophosphorylation to <2% of wild type, and these mutants are apparently unable to phosphorylate BvgA to levels detectable even after extended autoradiography. The (11051 mutant also shows a residual level of autophosphorylation activity but is able to phosphorylate BvgA at a low level (-1%). This low level ofphosphotransfer does not result in increased in vivo activity (Fig. 3) . Precise deletion of the BvgS receiver and C terminus ablates in vivo activity, as well as autophosphorylation and phosphategroup transfer to BvgA in vitro (data not shown). In addition to the transmitter, the receiver and C terminus of BvgS therefore appear to be required for autophosphorylation, distinguishing BvgS from other sensor proteins. The autophosphorylation defect resulting from receiver and C-terminal mutations could potentially be due to a lack of multimerization, since intermolecular complementation of mutations has been observed for BvgS (24) as well as EnvZ and CheY (25, 26) .
DISCUSSION
The BvgS D1023N substitution comprises the second category of mutations. The 
